Abstract. The evolution of genotypic diversity with population age remains poorly explored in clonal plant populations despite the potential for important shifts to occur through the course of time. Woody sprouting species are particularly under-represented in studies investigating intraspecific variations in levels of clonality from one locality to the next and through time. In this study we sought to determine the incidence and frequency of replicate genotypes in natural Populus nigra L. (Salicaceae) stands of different ages. Ten stands of this woody riparian sprouting species were selected in each of three distinct age groups ('young', 'middle-aged' and 'old') along a 30 km stretch of the River Garonne (south-west France). Leaf samples were collected from 15 neighbouring trees in each stand (450 samples in total) and replicate genotypes were identified using five SSR markers. Replicate genotypes were identified in two-thirds of all stands sampled (i.e. 50% of young stands, 100% of middle-aged stands and 50% of old stands). Young stands had significantly fewer replicated genotypes than middle-aged or old stands, while middle-aged stands had the greatest number of replicated genotypes. Replicate genotypes were most often found to occur as nearest neighbours and formed relatively small, discrete units (i.e. 2-4 trees growing in close proximity to one another). This suggests that asexual regeneration frequently occurs through flood-training in this species, although asexual regeneration from translocated fragments also evidently occurs as evidenced by 11 cases of replicate genotypes occurring in widely separated stands (up to 19 km apart). The results of this study highlight the need for a hierarchical sampling strategy in space and across age groups for an accureate understanding of the genotypic structure of woody sprouting species populations. Conservation and management of effective population sizes will benefit from better insight into not only spatial, but also temporal variations in levels of genotypic diversity.
Introduction
An appreciation of spatio-temporal variations in the relative contributions of sexual and asexual recruitment in plant species known to utilise both regeneration strategies, is a fundamental prerequisite to understanding the genetic structure and dynamics of populations of such species. In certain respects, asexual regeneration can be considered an advantageous strategy in that it may (i) confer certain competitive physiological advantages (e.g. shared resources, or growth forms with improved resistance to inter-and con-specific competitors) and (ii) favour the persistence of given genotypes in a population, leading in many cases to reduced demographic turnover rates at the level of the entire population (Wilson et al., 1985; De Steven, 1989; Caraco and Kelly, 1991; Jelinski and Cheliak, 1992; Stuefer, 1998) . Examples include numerous woody sprouters such as Tilia cordata and Populus tremuloides, known to have genotypes with generation times that exceed several millennia (Kemperman and Barnes, 1976; Pigott, 1993) . However, asexual recruitment has also been associated with reduced survivorship of asexual compared with sexual offspring in certain clonal plant species (Paciorek et al., 2000) . Furthermore, intense clonal replication may lead to a decline in a population's capacity to reproduce sexually where resources are diverted to maintaining growth among vegetative recruits (Keeley, 1977; Henderson, 1991; Iwasa and Kubo, 1997) and/or where unbalanced sex ratios develop in dioecious species (Shafroth et al., 1994; Gom and Rood, 1999) . A significant reduction in genotypic diversity is another potentially negative consequence, especially where no growth strategies (e.g. 'phalanx', or 'guerrilla' growth habits) are in place to counter-act such a loss as exists in certain clonal plant species (Schmid, 1985; Maddox et al., 1989) . The result may be a reduction in effective population sizes with a concomitant decline in fitness and adaptability in the long term to unpredictable changes in the environment (e.g. disease, climate change) (Williams, 1975; Muirhead and Lande, 1997) .
Genetic techniques offer increasingly powerful means of identifying identical genotypes within a population and have been applied to this effect in numerous clonal plant studies (Parker and Hamrick, 1992; Wide´n et al., 1994; Escavarge et al., 1998; Kreher et al., 2000) . Limited use has been made of genetic techniques, however, to investigate the strength of relationships between factors (intrinsic or external) that may influence the relative proportions of sexual to asexual recruits (Eriksson and Bremer, 1993; Mandujano et al., 1998; Kudoh et al., 1999; Dorken and Eckert, 2001) . Even fewer studies provide insight into how the genotypic diversity of a clonal plant population evolves with population age (but see Maddox et al., 1989) and only one study is known to have applied genetic techniques to this end (Cronberg, 2002) . Woody sprouting species are particularly under-represented in studies investigating intra-specific variations in patterns of sexual and asexual recruitment.
Vegetative regeneration by sprouting is frequently observed in pioneer woody plants growing in environments subject to natural cycles of disturbance (e.g. hurricane or fire prone habitats, floodplains, at high altitudes and latitudes, etc.). Vegetative shoots or 'ramets' are typically stimulated to grow in response to external environmental stimuli of biotic or abiotic origin (e.g. floods, grazing, fire, high winds) and of variable intensities, although availability of resources has also been known to have an effect on levels of asexual recruitment in certain woody sprouting species (Shafroth et al., 1994; Read and Brown, 1996; Kruger et al., 1997; Barsoum and Hughes, 1998) . Vegetative shoots may grow either as extensions of the parent plant, where root or shoot connections remain intact. They may also grow independently of the parent plant, where any connections disintegrate over time, or vigorous fragments of the parental plant are translocated to a new location with favourable growing conditions by floodwaters, animals or the wind.
Sprouting intensity reflects typical levels of exposure to disturbance. One might expect, therefore, considerable spatio-temporal heterogeneity in levels of genotypic diversity both within and between populations of the same species where resources/disturbances are themselves not equally distributed in space and time (Held, 1983; Rood et al., 1994; McKay, 1996; Gom and Rood, 1999; Tardif and Bergeron, 1999; Barsoum, 2002) . Clearly defined relationships between levels of sprouting in clonal woody species (as reflected by levels of genotypic diversity) and environmental factors that promote sprouting are, nevertheless, very difficult to establish. Firstly, as relatively long-lived perennial species, woody sprouters will typically experience significant changes in disturbance regimes and/or resource availability throughout their lifecycle (Falin˜ska, 1995) . Secondly, the physiological response of woody sprouters to external stimuli is also likely to change at different stages in the plants life cycle (Read, 1958; Malanson and Trabaud, 1988, De Steven, 1989) . Finally, factors promoting sprouting may intervene at repeated intervals such that their effects become accumulative; in this case, genotypic diversity will depend on the history of disturbance/resource availability. Barsoum (2002) highlighted, for instance, a gradual rise in the relative proportion of asexual to sexual recruits in the floodplain woodland species Populus nigra L. during the first 4 years of its life cycle, resulting from both the loss of some genets and the vegetative expansion of others with each successive wave of flood disturbance.
Certain discrepancies exist between what is observed and what is expected with regards to evolving trends in levels of woody sprouter genotypic diversity through time. As recruitment from seedlings is considered to be rare in established populations of most forest-growing clonal vascular plants (Eriksson, 1989) , genotypic diversity can be expected to decline through the course of time according to Eriksson's Initial Seedling Recruitment model; this model is supported by Hermanutz et al. (1989) in their observations of low genotypic diversity in established populations of the arctic dwarf birch (Betula glandulosa). Alternative scenarios propose that genotypic diversity following initial seedling recruitment can in fact be maintained in woody sprouting species. This is explained either by (i) expected inter-ramet competition for resources (e.g. following canopy closure) leading to reduced survivorship of asexual offspring and, thus a decline in the number of identical genotypes in a population (Peterson and Jones, 1997) , (ii) microsite heterogeneity that promotes co-existence of genotypes (Ellstrand and Roose, 1987) , and/or (iii) 'windows of opportunity' for seedling recruitment emerging to replenish genet variety in established populations (e.g. Jelinski and Cheliak, 1992) as Eriksson's more recently conceived Repeated Windows of Opportunity predictive model proposes (Eriksson, 1997) .
In the present study, we hypothesised that the stochastic element inherent in flood disturbances would produce significant variability in levels of re-sprouting (and therefore genotypic diversity) between similar-aged Populus nigra L. stands and highly localised clonal expansion through sprouting from flood-trained branches and roots of damaged trees. We expected also that following initial seedling recruitment events, the number of unique genotypes will tend to decline with the age of the stands where (i) successive flood disturbances promote vegetative expansion of surviving genets and (ii) competitive interactions among established genotypes act to favour the fittest genotypes. To test these hypotheses, we applied molecular genetic techniques to assess the incidence of clonal replication in P. nigra across multiple, widely distributed stands of uniform age distributed in three distinct age categories (young, middle-aged and old). Previous genetic studies in this species have revealed widely contrasting results in the frequency of replicated genotypes present in populations (Legionnet et al., 1996; Arens et al., 1998; Smulders et al., 2002) .
Materials and methods

Study species
The black poplar, Populus nigra (L.), is a dioecious, diploid tree species occurring along rivers with relatively free-draining substrates throughout Continental Europe, where it often dominates the active zone of alluvial plains and plays an important role in stabilising sites recently disturbed by flooding (Barsoum, 2001) . Despite having a breeding system designed to maximise sexual recruitment (an out-crosser with high fecundity and very high production of germinable, wind-dispersed seeds, timed for release from May to mid-June to coincide with the abatement of spring floods), frequent and unpredictable flood disturbances on the natural floodplain, followed by rapidly declining water table levels, provide a narrow window of opportunity for recruitment from short-lived seeds such that several years may go by before ideal conditions for recruitment present themselves (Van Splunder et al., 1996; Barsoum 2002) . Intolerant of shade, P. nigra seedlings colonise bare sand and gravel bars where they often develop into dense monospecific stands with no further seedling recruitment possible in the under-storey. Vegetative regener-ation, as an alternative regeneration strategy, is promoted through extended periods of submergence and/or mechanical damage to parental plants that act to stimulate dormant primordia in roots or shoots (Legionnet et al., 1997; Barsoum, 2002) .
Study sites
The P. nigra stands sampled were patchily distributed along an approximately 30 km stretch of the River Garonne some 25 km downstream of the city of Toulouse, in south-west France (between 44°15¢ N and 1°15¢ E; 90 m a.s.l.). The stands are remnants of former large expanses of P. nigra-dominated floodplain forest (i.e. present coverage is 19% of the surface area occupied in 1810). Much of the woodland was lost following trends for widespread cultivation of hybrid poplars since the 1800s' and a two-third reduction in the rivers active zone with the construction of embankments in the 1970s' . Gravel extraction from within the river channel and the construction of dams along the River Garonne between the 1970s' and 1990s' have contributed further to the loss and transformation of poplar recruitment sites through a reduction in the availability of bed material. Related 'knock-on' effects have included significant incision of the riverbed (1-3 m over the past 50 years), a gradual hydrological disconnection of raised sections of the greater floodplain, beyond the active channel, and faster flow rates in an increasingly channelised riverbed (Steiger et al., 2001) . Today self-sustaining populations of P. nigra are thus largely confined to the active channel where despite more intense flow rates than in the past, flood disturbances still create ideal recruitment sites and hydric conditions that are favourable for regeneration and rapid growth .
Geomorphic units colonised by P. nigra within the active zone included islands, former side channels, and narrow, elongated point bars along the riverbank. Intensity of flood disturbance at any of these geomorphic units varied depending on its situation within the active river channel and temporal variations in the direction of river flow. At the lower elevations, where tree establishment occurred, young P. nigra typically formed monospecific stands, although occasionally could be found coexisting with white willow (Salix alba L.). Older P. nigra stands, having survived successive waves of sedimentation, were located at higher elevations in the active alluvial zone either on islands or along the riverbank where they were gradually infiltrated by later successional woodland species such as Alnus glutinosa, Fraxinus excelsior and the exotic species Acer negundo and Robinia pseudacacia. Evidence of past disturbance was sometimes apparent in older stands from debris trapped on tree trunks, leaning trees and clumped, coppice-like growth.
In the study area, the climate can be described as warm temperate (mean annual temperature of 12.7°C), influenced by elements of both Mediterranean and Atlantic climates with mean annual rainfall in the order of 706 mm ± 38 (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) 
Sampling procedure
Following a preliminary pilot survey of the range of even-aged homogenous P. nigra stands present along the 30 km study reach, three distinct age groups ('young', 'middle-aged' and 'old') were selected according to stem diameter and plant height. The very few existing stands estimated to be older than 30 years were not sampled since trees in these stands were considered to have been recruited before the construction of embankments in the 1970's; i.e. under hydrological and sedimentological conditions no longer in existence. First year seedlings were also omitted from the study since these have very low annual survivorship and as such, represent only a fleeting genetic contribution to the population (Johnson, 1994; Cooper et al., 1999; Guilloy-Froget et al., 2002; Barsoum, 2002) . In each age category 10 stands with a minimum of 30 individuals present were selected to cover the variety of geomorphological settings in which they occurred along the 30 km study reach (Table 1 ; Fig. 1 ).
Since asexual regeneration of P. nigra appeared to occur most frequently following flood-training of branches and trunks along the River Garonne, a nearest neighbour sampling strategy was adopted. In each stand, 15 saplings/ trees were selected by first tagging one individual and then 14 of its nearest neighbours estimated to occur either perpendicularly or in a downstream trajectory to this individual with respect to river flow. In many cases, successive flood disturbances provoked re-sprouting at the base of the tree trunks, resulting in clumped growth. To resolve this sampling problem, the stem with the greatest diameter in a clump was always selected. Also, to reduce the chances of including a re-sprouted stem as a nearest neighbour, in each age group any stems with diameters below a fixed minimum value were excluded and a minimum distance to nearest neighbours was assigned. Thus, trees were not sampled if their stem diameter at ground level was inferior or equal to 2.5 cm in young stands, 5 cm in middle-aged stands and 10 cm in old stands and minimum distances to nearest neighbours were 25 cm in the young stands, 50 cm in the middle-age stands and 100 cm in the old stands; any trees within the minimum distance range were considered to comprise the clumped growth of a tagged tree.
Descriptive parameters
In addition to sample selection, the characteristics of each stand were evaluated using seven descriptive parameters, each highlighting ecological differences between stands. Based on measurements of the 15 tagged trees in each stand, these included: stand density, tallest shoot height, stem diameter at ground (Engeman et al., 1994) . This involved measuring the distances between the first tagged individual originally selected in the stand and each of its closest Figure 1 . Locations of the young, middle-aged and old P. nigra stands sampled along the River Garonne study reach. Numbers inside symbols correspond to the stand number (1-10) in each age group.
14 neighbours. Stand density was then calculated based on an estimate of the number of stems in a semi-circular area containing the nearest 14 trees,
where r is the mean of the distances between the first individual tagged and its 14 nearest neighbours. The validity of stem diameter and clumped growth measurements as stand descriptors was tested by enlarging the sample size in each stand through the random selection of 15 additional nearby trees. Estimates of stand age were determined by harvesting a single tree of average stem diameter in each stand and counting annual rings in cross-section. To avoid felling of trees in a number of the old stands, tree cores were collected instead for estimates of stand age.
Collection of plant material and DNA extraction
Cuttings were collected (March-May, 2002 ) from the 15 tagged trees in each of the 30 selected stands (15 · 30 ¼ 450 trees). Additional cuttings were collected in the 10 'old' stands, from any stems comprising a clump of each of the 15 tagged trees. This latter additional sample collection served to (i) verify whether clumped growth corresponds to re-sprouting from a single plant and thus, numerous clonal replicates at a single sampling point and, where this is true, (ii) to assess the potential contribution of multiple replicated genotypes in a clump to overall genotypic diversity in mature stands where these replicates appear to have good chances of survival. Once collected, the cuttings were transferred on the same day to water-filled basins installed in a warm, well-lit room. One to two weeks later, 2 · 50 mg of freshly emerged leaves were harvested from the available cuttings to provide two replicate leaf samples for each sampled tree. On collection, the leaf material was immediately desiccated using silica gel and stored in an airtight container for a maximum of one week at room temperature before extraction of total nuclear DNA using the DNeasy Ò 96 Plant Kit. The presence and integrity of DNA in each sample was verified by agarose gel electrophoresis, and in cases where no DNA was detected, DNA was extracted from a replicate leaf sample.
Microsatellite analyses
Microsatellites were favoured in this study as the most sensitive markers for clonal identification in this species Strome et al., 2002; Cottrell et al., 2002) . Five microsatellite loci (all dinucleotide repeats) that had previously been shown to display easy to score band patterns and a high level of polymorphism in P. nigra (Van der Schoot et al., 2000) , were selected for the identification of identical genotypes (Table 2 ). These were amplified using an ABI 9700 thermal cycler according to the PCR programmes described by Van der Schoot et al. (2000) and the amplified products were separated by capillary electrophoresis using the ABI 3100 PRISM Ò Genetic Analyzer. The sizes of the fluorescent PCR products and raw data output were saved automatically using Genescan 3.7 software and analysed using the Genotyper 3.7 programme. The automated binning of products into allelic categories was checked by visual inspection of electropherograms. The reproducibility of the analyses was assessed by extracting and analysing 48 replicate samples with two of the five SSR primer pairs. Furthermore, several randomly selected samples were blindly replicated and run twice. Replicate samples in all except one case yielded identical base pair sizes at all five loci; the exception varied in size by one base pair at a single locus. This could be attributed to the automatic rounding of base pair sizes.
Allelic diversity of microsatellite loci
The total number of possible alleles at each locus and the base pair size ranges of these are given in Table 2 as found in this study and as reported in the original publication that first described these loci (Van der Schoot et al., 2000) . This study recorded at least twice as many alleles at all loci except at WPMS12, although allelic ranges remained very similar; this may simply reflect the greater sample size in this study (Van Dam and Boracs, 2002) .
The high number of alleles per locus (between 12 and 32 alleles) and wide allelic ranges among these, suggests that all five microsatellite loci scored in this study were highly polymorphic, with WPMS03 and WPMS07 being the most polymorphic and WPMS12 the least. When the number of genotypes is plotted against the number of microsatellite loci used for scoring distinct genotypes, the five loci selected for this study were found to adequately cover the polymorphism present in the Garonne population; i.e. the average (standard Table 2 . Comparison of the number of alleles and allelic ranges obtained in this study and in the original publication that first described the microsatellite loci WPMS03, WPMS05, WPMS07, WPMS09, WPMS12 in P. nigra
Microsatellite locus
Repeat motif This study Van der School et al. (2000) Number of alleles Allelic deviation) number of genotypes detected in the sample population by one, two, three, four and five microsatellite loci were respectively, 88 (53), 296 (58), 380 (5), 391 (2) and 397 (-). Scoring of identical genotypes for this latter exercise depended on two different samples having identical base pair sizes at all loci being tested; absence of a single base pair at a given locus in one, but not in another otherwise identical sample, or single digit differences in allele sizes were interpreted as indicators of differentiation between a pair of samples and thus the two samples were considered to represent two different genotypes. Scoring for the identification of identical genotypes in the 30 stands for the purposes of this study was equally rigorous, although some allowance was made for the possibility of ambiguities in the scoring of alleles; that is, identical genotypes were recorded where allele sizes at all five microsatellite loci were identical or where there was one base pair size difference in alleles at no more than a single locus. Within each stand, trees were identified either as (i) 'unique genotypes' where no other trees within the sample population (450) had the same allele sizes at all five microsatellite loci tested, or (ii) 'replicated genotypes' (ramets) where allele sizes at the five microsatellite loci tested were found to be identical with another tree(s) in the sample population; all replicated genotypes, or ramets of the same genotype made up a 'clone'. By combining the number of unique genotypes and the number of clonal genotypes present in each stand, the total number of different genotypes per stand was derived.
Data analyses
One-way ANOVAs were applied to test for significant differences between the 'young', 'middle-aged' and 'old' stands in terms of stand density, shoot height, stem diameter, angle of stem slant and incidence and intensity of clumped growth following log transformation of the data sets and Anderson-Darling and Levene's tests for normal distributions and equal variances, respectively (Minitab Release 14). Where significant differences were found, inter-age comparisons of means were tested for significant differences by applying Tukey tests. Kruskal-Wallis tests followed by Mann-Whitney pair wise comparisons were applied to test for significant differences in young, middle-aged and old stands in terms of: (1) the number of different genotypes present in each stand, (2) the total number of clones in each stand and (3) the number of replicated genotypes (clone sizes) in each stand. These analyses were first undertaken considering only the 15 trees sampled in each stand and subsequently included all additional stems comprising the clumped growth of sampled trees in order to estimate their respective genotypic contribution to stands; the assumption was made that the stems making up the clumped growth of the sampled trees represented identical and viable genotypes that contributed to total genotypic variation in each stand and stands were therefore compared as such.
Relationships between potential indicators of stand disturbance (i.e. angle of slant of trees, incidence and magnitude of clumped growth) and the incidence and frequency of replicated genotypes within stands in each age group (0 ¼ no replication; 1 ¼ 1 replica; 2 ¼ 2 replicas, etc.) were investigated using Pearson's correlation coefficient. The three stand descriptors were log transformed and the counts of the number of replicated genotypes within stands in each age group were square root transformed prior to analysis to meet assumptions of normally distributed data sets and equal variances; these were tested using the Anderson-Darling and Levene's tests.
Results
Stand characteristics
Examination of annual rings on tree sections, indicated that tree ages in the 'young', 'middle-aged' and 'old' stands were on average 5.6 (±1.4), 8 (±1.6) and 17.6 (±2.5), respectively. Differences in mean log stand densities, log heights of tallest shoots and log stem diameters were highly significant (p < 0.001) between stand age categories, with the exception of no significant difference between middle-aged and old stand densities (Table 3) .
Trees in the middle-aged stands frequently displayed moderate to severe leaning as a consequence of repeated periods of strong and continuous river Means and standard deviations (in parentheses) are given for the range of stand descriptors measured in this study for the 15 · 10 sampled trees in each age group. A one-way ANOVA tested for significant differences ( *** p < 0.001) between age groups following log transformation of each measured parameter. Different characters indicate significant inter-age group differences (p < 0.001) based on Tukey tests. Mean clump number and clump size include all stems making up the clump excluding the tagged tree. flow against the tree trunks during periods of high discharge; e.g. in one middle-aged stand, situated on an island, many tree trunks were completely prostrate. This leaning in middle-aged stands contrasted significantly (p < 0.001) both with saplings growing in the youngest stands, where moderate to almost no leaning was observed, and with trees growing in the oldest stands, where the majority of trees were growing vertically (Table 3) .
Clumped growth featured in some stands, but not in others; i.e. in 50% of all stands sampled, clumped growth was observed in 0-3 of the 15 trees sampled, while in the remaining 50% of stands, clumped growth was displayed by 4-11 of the 15 sampled trees. This was the case for stands in all three age categories as is evidenced by high levels of standard deviation around the means for incidence of clumped growth (Table 3) . Where clumped growth did occur in a stand, there was substantial variation in the sizes of clumps in all age categories; i.e. 78% of the time clumps comprised 1-2 additional stems growing adjacent to sampled trees, while larger clumps comprising up to 11 additional stems were also observed. No age-related correlations were detected for either incidence of clumped growth or clump sizes (Table 3) .
Variations in levels of clonality among stands
Where additional stems making up clumped growth are excluded from the analysis, it was found that a high proportion of the stands in each age category contained clones among the 15 sampled trees; i.e. 50% of young stands, 100% of middle-aged stands and 50% of old stands. Considerable variation existed, however, both in terms of the number of clones and in the number of different genotypes present among stands of the same age category and particularly among old stands ( Fig. 2a and Table 4 ). Despite this variability within age groups, significant differences were nevertheless detected for these parameters between young, middle-aged and old stands. Concerning the number of clones present in stands of different ages, these were significantly (p < 0.05) more common in middle-aged than in young, or old stands with young stands having the least number of clones per stand (Fig. 2a) . Clones were not sizeable in any of the age classes, each comprising two trees, or ramets on average with significantly (p < 0.05) more ramets found per tree in the middle-aged stands compared with the young and old stands (Fig. 2b) . With respect to the number of different genotypes in each stand, mean values in young stands were significantly greater (p < 0.05) than in the middle-aged or old stands (Table 4) and there was no significant difference between middle-aged and old stands in this respect.
Consideration of the entire data set reveals that despite a high incidence of clones the total number of unique genotypes remains high; that is, out of 450 trees sampled, 351 represented unique genotypes (78%), 98 represented replicated genotypes (22%) and 1 sample yielded no results. The high numbers of unique genotypes, despite high apparent levels of clonality, is explained by low levels of replication of any given genotype within stands (Fig. 2b) . Among all clones identified within stands, there were seven instances of three identical genotypes detected in the same stand and only one instance of four identical genotypes detected within the same stand.
Variations in levels of clonality among stands (stems in clumps included)
SSR analyses of the additional stems making up the clumped growth of sampled trees in old stands, revealed that in most cases (98% of the time) these additional stems were identical to the tagged trees. Non-identical stems either Number of ramets per clone in each of the 10 young, middle-aged and old P. nigra stands (stems in clumps excluded). Significant differences between age groups were tested by applying KruskalWallis tests followed by Mann-Whitney pairwise comparisons (p < 0.05). Different characters indicate significant inter-age group differences. Mean values are given with standard errors in parentheses.
differed by up to two base pairs at a single locus (three cases) compared with the tagged tree, suggesting that slight mutations may have occurred in vegetative sprouts, or in three other instances, were clearly identified as different genotypes. Where the assumption is made then that all additional stems making up the clumped growth of sampled trees can be included as viable genotypes contributing to total genotypic variation in each stand, a highly significant difference (p < 0.001) emerges between young and middle-aged stands in terms of the frequency of replicated genotypes, with nearly three times more replicated genotypes present in middle-aged stands compared with young stands. Old stands were found to be intermediate between young and middle-aged stands and as such, no significant difference in the frequency of replicated genotypes was found between old stands and young or middle-aged stands. The average proportions (%) of different genotypes to stems sampled in the young, middle-aged and old stands revealed a considerable drop in the proportions of different genotypes present in stands where additional stems are included in the estimate (Table 5) ; the general trends of lowest levels of clonal replication in young stands and highest levels in middle-aged and old stands remain, nevertheless, the same.
Spatial distribution of replicated genotypes (ramets)
Trees comprising clones within stands were nearest neighbours 76% of the time. Distances separating ramets within the same stand ranged from up to 4 m in young stands, 5 m in middle-aged stands and 11 m in old stands. There were also 11 cases of ramets occurring in separate stands. The distances between Table 4 . Number of different genotypes detected in the 10 young, middle-aged and old P. nigra stands stands where ramets of the same clone were found, and hence approximate distances travelled by vegetative fragments, ranged from 226 m to 19 km. Table 6 lists the parameters tested as potential indicators of hydrological disturbance against the number of replicated genotypes in the young, middle-aged and old stands, the different age groups tested jointly and separately. As there was an element of doubt regarding the true cause of slanting of some tree trunks in the old stands (phototropic responses or the result of high flows), the correlation between the angle of slant of trees and the number of replicated genotypes present was also tested excluding the old stands. The positive correlation coefficients derived suggest that the greater the angle of slant of the tree, the greater the frequency of replicate genotypes in stands; this relationship was, nevertheless, significant (p < 0.05) only when combining the young and middle-aged stands, or when considering the old stands independently (p < 0.1). A weak positive correlation was also observed between the frequency of trees in stands displaying clumped growth and the incidence of replicated genotypes; this relationship was, however, only found to be significant among middle-aged (p < 0.05) and old stands (p < 0.1). Clump sizes were similarly only found to be significantly correlated (p < 0.1) with the frequency of replicated genotypes in middle-aged and old stands. These positive correlation coefficients suggest that the greater the incidence of clumped growth in middle-aged and old stands and the greater the size of clumps where clumped growth occurs, the higher the expected frequency of replicate genotypes in middle-aged and old stands.
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Frequency of replicated genotypes and indicators of stand disturbance
Discussion
Clonal incidence and structure
Replicated genotypes were detected in 20 out of the 30 P. nigra stands sampled along the study reach and represented 22% of all trees sampled. This result indicates an important contribution made by asexual regeneration strategies in the maintenance of P. nigra populations along the River Garonne, although levels of clonality in this population do not accord well with levels of clonality in P. nigra populations studied by Legionnet et al. (1996) , Arens et al. (1998) and Smulders et al. (2002) who respectively reported replicated genotypes to comprise 3%, 83% or 42% of all trees sampled. These differences between studies can to some extent be expected, considering likely variations in resource availability and disturbance histories between respective study sites. They also highlight, however, the difficulty of comparing research on the same clonal species where sampling strategies and sampling intensities are not the same. Arens et al. (1998) and Smulders et al. (2002) , for example, sampled all trees present in two populations (29 + 42 trees) and in a single population (120 trees), respectively making no distinction for ages of trees sampled. Legionnet et al. (1996) , on the other hand, collected samples from all young trees (118 trees) present in a single uniform cohort and did not account for possible variations in levels of clonality among stands. In addition, none of the studies cited above offered any details on whether trees sampled displayed clumped growth, or minimum distances between sample trees. In this study, inclusion of stems comprising the clumped growth of a single genotype yielded a substantially higher estimate of the number of replicated genotypes per stand. Concerning clonal structure, in this study replicate genotypes were most often found to occur as nearest neighbours (76% of the time) and formed relatively small, discrete units (i.e. 2-4 trees growing in close proximity to one another). This finding reflects the results of Legionnet et al. (1996) , but differs from Arens et al. (1998) and Smulders et al. (2002) , who reported substantially more replicates per P. nigra clone (i.e. up to 24 trees per clone) and noted some 'inter-mingling' of stems belonging to different clones. Despite these variations between studies, the fairly localised and continuous structure of clones in all studies suggests that reprouting following flood-training is a key mechanism by which asexual regeneration is initiated in this species even if not on the scale of other related species (e.g. Populus tremuloides ramet 'population' size of 81 ha as reported by Kemperman and Barnes, 1976) .
Another important mechanism revealed in this study is the level of asexual recruitment via translocated fragments. The wide-scale sampling strategy adopted in this study permitted the identification of 11 replicate genotypes occurring in separate stands, revealing distances travelled downstream by vegetative fragments of up to 19 km. Beismann et al. (1997) obtained similar evidence of successful long-distance dispersal of translocated fragments by the river (>10 km) in the woody sprouting riparian species Salix fragilis. Considering the relatively modest sample size in this study (450 trees) and the very small sample size of Beismann et al. (26 trees) with respect to the total number of trees present along respective study reaches, the probability of encountering replicate genotypes appears to be high. This suggests that the relative contribution of translocated fragments as a means of asexual regeneration and dispersal of genets is frequently underestimated for these and other woody riparian sprouting species and particularly among members of the Salicaceae family.
Clonality and disturbance
Important inter-stand variations in the frequency of clones were observed in young, middle-aged and particularly among old stands (Fig. 2a) . These differences in levels of clonality among similar-aged stands are reflective of the unpredictable and patchy nature of flood disturbances and resource availability along the study reach, as was also indicated by variable degrees of floodtraining between stands of the same age group. Similar observations of within and between stand variations in relative proportions and distributions of sexual and asexual recruitment have been reported in other poplar species and these differences have similarly been linked to the spatially heterogeneous physical impacts of floodwaters (Rood et al., 1994; McKay, 1996; Gom and Rood, 1999) .
In this study, sampling in different-aged stands inevitably meant that stands differed in terms of elevation and degree of exposure to floodwaters that served to extend the range of possible disturbance histories (and resource availabilities) at any given site. Young and middle-aged stands were the most exposed to flood disturbances, growing at low elevations on the floodplain on gravel bars, or on islands in early stages of development. The degree to which trees were bent over by floodwaters (angle of slant) and the degree of clumped growth displayed by trees served as an indication of disturbance in these age groups and could be related to the relative frequency of replicated genotypes found among stands. It was, however, not possible to use these indicators easily in older stands (e.g. leaning of trees could be attributed either to the forces of river flow, or to phototropic responses), or to easily compare levels of disturbance between different-aged stands. This was in part due to the different situations of trees in the various age groups on the floodplain and their variable vulnerability and physiological responses to flood disturbances (e.g. P. nigra saplings have high tolerance of lengthy periods of submergence and have both high stem flexibility and vigorous sprouting abilities in the face of strong currents and heavy sedimentation - . More significantly, the indicators used provided only a snapshot of recent disturbance events and could not describe the history of disturbance experienced by a given stand of trees.
Clonality and stand age
Variations in the levels of clonality observed among P. nigra stands could also be attributed in part to stand age, explained by the different combined periods of exposure of young, middle-aged or old stands to successive flood disturbances and physiological differences between saplings/trees in the different age categories. Following an initial seedling recruitment event, genotypic diversity is apparently sustained for several years in young P. nigra stands that do not succumb to flood disturbances or a lack of vital resources. This study clearly demonstrated that even 4-7 years following initial seedling establishment, asexual recruitment remains relatively infrequent; i.e. clones were only found in half of all young stands sampled, with no more than a single replicate recorded among 'clonal' genotypes. Nevertheless, in accordance with Eriksson's Initial Seedling Recruitment (ISR) model (Eriksson, 1997) , no further recruitment from seed at the stand level, and evidence of the vegetative expansion of remaining genotypes through flood-training resulted in a general decline in genotypic diversity as reflected by an increased encounter rate of replicated genotypes and a greater number of replicates per clone in middle-aged stands (8-11 years following seedling establishment). However, at this point there is a divergence from the ISR model predictions of a continued loss of genotypes within stands and increased clonal sizes that would otherwise lead to low overall levels of genotypic diversity in mature stands (14-20 years) -a trend that is supported by a number of empirical studies on herbaceous plant species (Aarssen and Turkington, 1985; Hartnett and Bazzaz, 1985; Maddox et al., 1989) . The oldest stands revealed instead an overall recovery in genotypic diversity compared with middle-aged stands and this could be linked to a gradual die-off of sister ramets.
As a sizeable woody plant species, P. nigra stands are subject to self-thinning, a distinguishing characteristic of woody species that is almost unknown among clonal herbaceous and bryophyte species (Peterson and Jones, 1997; Cronberg, 2002) . Die-off of sister ramets was a frequent observation in P. nigra stands of all age categories, leading to significant reductions in stand densities with stand age. It is nevertheless possible to imagine that where resources are abundant sister ramet survival might be greater, thus contributing to greater survival of replicate genotypes. This may have been the case in two adjacent mature stands along the River Garonne (stands 4 and 5; Fig. 1); i.e. stand density was very high in stand 4, with no clones found among the 15 trees sampled, while stand 5 was much less densely populated and displayed not only more clumped growth, but three clones were also found among the 15 trees sampled.
Beyond the scale of the stand, recruitment in P. nigra populations can be said to adhere better to Eriksson's Repeated Windows of Opportunity model. While recruitment of P. nigra seedlings is not, or is only very rarely possible in the understory through the development of a gap, recruitment in adjacent freshly disturbed sites and along the edges of mature stands does occur, contributing fresh genetic material (Barsoum, 2002) . The rate of influx of genetic material in this way will depend then on the availability, spatial scale, and stability of such zones of recruitment with respect to maturing stands. Stand thinning can be said to play a role in the meantime to limit the development of only a few large clones in stands and in this way maintain genotypic diversity; i.e. die-off of sister ramets ensures that clone sizes remain small, improving the chances of survival of multiple adjacent genotypes.
Conclusions
The conservation and management of effective population sizes in woody sprouting species such as P. nigra, requires a good understanding of the genotypic structure of respective populations and possible levels of variation in this structure in the spatial and temporal dimensions. This is important if dangerously low levels of genotypic diversity are to be prevented from developing (Rosetto et al., 1999) . Our results indicate that for P. nigra significant variations in the incidence of clonality can exist within a single population, depending on the age of a stand and from one location to the next on the floodplain according to local disturbance histories. Translocated fragments were also revealed in this study to make an important contribution to recruitment dynamics in P. nigra and this mode of asexual recruitment should not be underestimated in clonal riparian species. To obtain a representative idea of genotypic diversity within a population, or among populations of a woody sprouting species, it is thus proposed that a hierarchical stratified sampling strategy is adopted (i.e. representation of genotypic diversity at the level of a stand, different age classes, different river reaches). Ecological and demographic indicators may provide first clues of probable levels of population genotypic diversity (Lefe`vre et al., 2001 ), but as demonstrated in this study, genetic techniques adopted with an appropriate sampling strategy offer the clearest results.
